The energy-based classification of heterotrophic substrates requires biochemical evaluation because some substrates can be assimilated by a variety of different metabolic pathways. By using the Y,,,-concept it was shown that the classification depends on the yield of ATP and reducing equivalents already generated on the way to the precursor (phosphoglycerate). With carbon-excess substrates a part of the total substrate consumed must be oxidized to completion merely for energy production, whereas with energy-excess substrates more energy is provided on the route to the precursor than is needed for assimilation of the precursor carbon. By means of this approach it was possible to assess experimental growth yields obtained on mixed substrates and to predict the optimum mixing proportion in order to attain the maximum carbon conversion efficiency. The validity of this method was shown for some examples.
which all cell components are synthesized, as well as knowledge about the P/O-quotient and the elementary cell composition. The energy requirement for the synthesis of cell substance from this precursor can he assumed to be constant (Y:q$' = 10.5 g dry wt per mol ATP; Stouthamer & Bettenhausen, 1973) . Then, by using a cell formula of C , H , 0 2 N , , with N H 3 as the nitrogen source, the equation for the synthesis of biomass rcads 3s: 4 PGA + NH, + 29 ATP + 5.5 NAD(P)H + (CjHsOZN,)3
The energy and reducing equivalents necessary for the synthesis of biomass are generated by metabolism of substrate to the central precursor (PGA) or by oxidation to COz (or both).
Provided the energy and reducing equivalents generated on the route from the substrate to the central carbon precursor (PGA) are sufficient (or more than sufficient) for the synthesis of the 'cell molecule' then a substrate exhibits an excess of energy and hence is classified as such. In contrast, energy-deficit substrates are tho,se in which a certain amount of the total substrate consumed must be oxidized to COz merely for production of energy or reducing equivalents.
The balance equations of single substrates were used to calculate the carbon conversion efficiency of substrate mixtures ( Table 1 ). The substrates were mixed in such a proportion as to supplement carbon and energy. If one substrate exhibits an excess of energy the loss of carbon is reduced to a level which is only determined by unavoidable oxidative decarboxylations during synthesis of cell constituents.
RESULTS AND DISCUSSION

Biochemical evaluation o j heterotrophic substrates
The balance equations for the synthesis of the general carbon precursor (PGA), invcllving different pathways for the assimilation of certain substrates, are summarized in Table 1 .
Methanol. During the synthesis of PGA from reduced C, compounds such as methanol, three molecules (three carbon atoms) are used, regardless of the assimilation pathway involved. Hence, up to the central carbon precursor (PGA) the carbon conversion efficiency is 100%. However, the experimental growth yield on methanol is always less than 100% (Goldberg, 1981) . The greatest growth yield should be possible with bacteria using the hexulose phosphate pathway (Van Dijken & Harder, 1975; Anthony, 1978 Anthony, , 1980 . Only if methanol is oxidized to formaldehyde by a NAD+-linked enzyme, and not by the pyrrolo-quinoline-quinone-dependent methanol dehydrogenase (which probably yields only 1 ATP; Anthony, 1982) , and if' the P/Oquotient of NADH is 3, could 100% carbon conversion efficiency be imagined with bacteria using the hexulose phosphate pathway (fructose bisphosphate variant plus transketolase/transaldolase/transketolase rearrangement of the C acceptor) and NH, as nitrogen source (Anthony, 1983) . In all other cases, including methylotrophic yeasts with an NAD+-linked methanol dehydrogenase instead of methanol oxidase, additional methanol must be oxidized. Consequently, methanol is practically always an energy-deficit substrate (Babel, 1980; Muller et al., 1983) .
In the case of some bacteria using the serine pathway the growth yield or carbon conversion efficiency is NAD(P)H-limited, while in those using the hexulose phosphate pathway it is mainly ATP-limited (Anthony, 1978) . This distinction may be important if, for example, the growth yield is to improve by genetic manipulations or if an auxiliary substrate is being looked for.
Glycerol. Glycerol is a balanced substrate in terms of its carbon/energy ratio (Babel, 1979) . From the experimental growth yield on this substrate (Payne, 1970) it is apparent that about 2 glycerol molecules must be oxidized exclusively for energy production at a carbon conversion efficiency of about 66%. Again, the theoretical carbon conversion efficiency depends on the route of carbon catabolism (see Table l ), but in all cases more energy must be expended for the incorporation of PGA than is made available on the route to this precursor. The sarne is true for the carbon/energy balanced substrate mannitol (Babel, 1979) .
Glucose. Glucose is an energy-deficit substrate when it is assimilated via the glycolytic sequence as well as the Entner-Doudoroff pathway (Table 1) . However, glucose can be assimilated via the hexose monophosphate pathway, and in this case it becomes an energyexcess substrate, since on the way to the precursor carbon is lost by oxidative decarboxylation. Only when the P/O-quotient falls below 1.3 must additional glucose be oxidized via the (oxidative hexose monophosphate cycle (PGA + 1 ATP + 3 C 0 2 + 5 NAD(P)H) or via the TCA cycle 
HuP
HuP Xylose. Depending on the route for carbon catabolism, xylose, too, can be either an energydeficit or an energy-excess substrate (see Table 1 ).
Formate. Formate belongs to the class of energy-deficit substrates when used as the sole growth substrate. However, if formate can only be oxidized, for example by means of an NAD+linked dehydrogenase, and its carbon cannot be assimilated (autotrophically or via the serineoxalate pathway), then it becomes an energy-excess substrate with an infinite energy/carbon ratio (conditional energy-excess substrate) and it can help to increase the carbon conversion efficiency of other substrates lacking energy up to the carbon-metabolism-determined upper limit (Babel et a/., 1983) .
Ethanol and n-alkanes. According to the energy-based classification, ethanol and n-alkanes are energy-excess substrates, and this is also true from a biochemical point of view, because carbon is lost on the way to the central precursor (Anthony, 1980) , as is the case in the hexose monophosphate pathway (Table 1) . But this is no longer true if the P/O-quotient of N A D H is smaller than 2 (Babel, 1983) .
Acetate, oxalate and succinate. Acetate, oxalate and succinate are energy-deficit substrates and they remain energy-deficient from a biochemical standpoint although carbon is lost as CO, on the route to the precursor (Table 1) .
Suitability of substrates as auxiliary substances en erg^-escesslcarbon-excess substrates. From the above considerations it follows that ethanol is an excellent substrate to use as an auxiliary substrate for improving growth yield. This is true for n-alkanes (Heinritz et al., 1982) and possibly phenol, too. Experimentally this becomes evident for ethanol if it is combined with sucrose, for example (which in this context is considered like hexoses; see glucose in Table 1 ). The carbon conversion efficiency of the substrate mixture is greater than those of the single substrate, although the growth yield on ethanol is smaller than expected (Table 2 ). This deviation is probably caused by the fact that NADPJH cannot be used for ATP synthesis in yeasts. This might also be the reason for differences between the calculated and the experimentally determined mixing proportions (Table 2) .
Energ~,-de~cit/carbon-e.ucess substrates. An auxiliary substrate effect can also occur if substrates having different energy deficits are simultaneously assimilated, and some examples of this are known; e.g. methanol/mannitol (Van Verseveld et al., 1979) , methanol/glucose (Egli et a/., 1982; Miiller et al., 1983) , oxalate/formate and acetate/formate (Dijkhuizen & Harder, 1979a, b) , methanol/formate (Van Verseveld & Stouthamer, 1978; Hazeu & Donker, 1983 ) and methane/CO, and methanol/CO, (Malashenko et al., 1980) . This phenomenon is surprising. The elementary composition of micro-organisms is nearly independent of growth substrate and if no alternative, more efficient metabolism for precursor synthesis is involved the (auxiliary effect can only be explained by an increase in the P/O-quotient due to the simultaneous assimilation of both substrates. This was shown to be the case with Paracoccus denitr$cans (Van Verseveld et d . , 1979) . As the experimental growth yields of yeasts on methanol are around 0.38 g g-' (Table 2) it follows that the P/O-quotient must be smaller than 2 during growth on this substrate and, since the theoretical and experimental values of carbon conversion efficiency are similar during growth on the mixture ( Table 2) the P/O-quotient also seems to rise due to the presence of glucose.
However, with Hansenula polymorpha no mixture of methanol and glucose could Ibe found in which one substrate was assimilated and the other used exclusively for energy generation. Obviously this metabolic configuration becomes possible with Paracoccus denitr$cans because of the epigenetic regulation of the ribulosebisphosphate carboxylase. Probably, no 'division of labour' can be induced in methylotrophic yeasts. This may be due to the fact that the enzymes responsible for the assimilation of methanol (transketolase, Waites & Quayle, 1983, and dihydroxyacetone kinase, Hofmann & Babel, 1980) and the dissimilation via formate are simultaneously regulated epigenetically. We do not know why the upper exploitation limits of mannitol that were attained using methanol and formate as energy donors were not identical. The growth yield obtained (0.82 g dry wt per g mannitol) appears very high. Perhaps it is not justified to assume that methanol cannot be assimilated. (The essential criterion is the measurability of ribulosebisphosphate carboxylase.) Thus it is better to take a certain portion of methanol into account when calculating the growth yield. Assuming that the upper carbon conversion efficiency of mannitol is the same as that of glucose (approximately 83%; Babel et a [., 1983) , which is supported by the results obtained with a formatelmannitol mixture (Van Verseveld & Stouthamer, 1980) , then about 0.1 g dry wt of Paracoccus denitr$cans should be produced from methanol. The proportion of methanol calculated to be necessary for improving the carbon conversion efficiency up to 98.2% was calculated to be higher than the experimental mixing proportion (Table 2 ). This resulted from using a P/O-quotient of 2 in all calculations instead of the real one, which was estimated to be 3 in this example (Van Verseveld et al., 1979) .
Conditional energ~~-e.~~ess/carbon-e.ucess substrates. Conditional energy-excess substrates are characterized by the fact that they are used only to provide energy (i.e. no carbon is assimilated). By using these it becomes possible firstly to detect the upper limit of carbon conversion efficiency of any growth substrate, and secondly to determine whether and, if so, to what extent. ii substrate exhibits an excess of' carbon or energy (cf. Table 1 ).
Formate turns out to be such an energy donor. In Paracoccus denitri@cans and Hansenulm po1~'morpha the carbon conversion efficiency of growth on mannitol and glucose, respectively, could be increased up to the maximum (Table 2 ). However, with Torulopsis sp. MH 26 a maximurn growth yield on glucose of only 0-5 g g-I could be attained (data not shown). This indicates that in this organism glucose is almost exclusively assimilated via the hexose monophosphate pathway (Muller & Babel, 1984) . We therefore suggest that with Beneckea natrieguns growing under conditions such that the growth yield of 0.52 g g-I is the maximum value attainable on glucose using formate as energy donor (Table 2) , glucose assimilation does not take place via the Embden-Meyerhof-Parnas pathway. Hence there is a lower upper limit of carbon conversion efficiency.
Further aspects. Babel (1 979) predicted that the simultaneous utilization of heterotrophic substrates would be accompanied by an increase in the growth rate. This was confirmed even when the auxiliary-substrate effect on the carbon conversion efficiency was not significant (Eggeling & Sahm, 1981) .
This increase in the growth rate cannot be explained definitively. A possible reason might be to overcome a bottleneck. For example, when the growth rate is proportional to the energy production rate (Stouthamer, 1980) there must be a bottleneck in the energy-providing system.
An additional interesting phenomenon is that when two substrates are assimilated simultaneously, such as methanol/glucose (Egli et al., 1983; Muller et al., 1983) , the residual concentration of methanol during growth in continuous culture is lower than during growth on methanol alone. This seems to be a universally valid but not yet fully understood phenomenon (Harder & Dijkhuizen, 1982) . Both the increase in the growth rate and the decrease of the K , value (increase in substrate affinity), give micro-organisms an advantage in competing for substrates in the course of evolution (Babel, 1982 
